Abstract. The purpose of this study was to measure O 2 consumption of nonexercising skeletal muscles (V O 2nonex ) at rest and after aerobic exercise and to investigate the stimulant factors of O 2 consumption. In experiment 1, we measured the resting metabolic rate of the finger flexor muscles in seven healthy males by 31 P-magnetic resonance spectroscopy during a 15 min arterial occlusion. In experiment 2, the V O 2nonex of the finger flexor muscles was measured using near infrared continuous wave spectroscopy at rest, immediate postexercise, and 3, 5, 10, 15, and 20 min following a cycling exercise at a workload corresponding to 50% of peak pulmonary O 2 uptake for 20 min. We also monitored deep tissue temperature in the V O 2nonex measurement area and determined catecholamines and lactate concentrations in the blood at rest and immediate postexercise. V O 2nonex at rest was 1.1Ϯ0.1 M O 2 /s (meanϮstandard error) and V O 2nonex after exercise increased 59.6Ϯ7.2% (pϽ0.001) from the resting values. There were significant correlations between the increase in V O 2nonex and the increase in epinephrine concentration (pϽ0.01), and between the increase in V O 2nonex and the increase in lactate concentration (p Ͻ0.05). These results suggest that epinephrine and lactate concentrations are important V O 2nonex stimulant factors.
Introduction
Nonexercising muscles play various important roles during exercise, such as the regulation of blood flow, and glucose and lactate metabolism. [1] [2] [3] Furthermore, considering the large size of the inactive muscle mass, we cannot disregard the potential metabolic changes in the case of exercises such as walking and cycling.
In recent studies, 4, 5 it has been reported that near infrared continuous wave spectroscopy (NIR cws ) is very useful for the evaluation of muscle metabolism. Muscle oxygenation level monitored by NIR cws represents a dynamic balance between O 2 supply and O 2 consumption. NIR cws , therefore, has been used to measure muscle O 2 consumption as the initial rate of decline of the muscle oxygenation level during arterial occlusion reflects the muscle O 2 consumption. 5 Recently, moderate aerobic exercise ͑ϳ50% of aerobic capacity͒ has been recommended in exercise therapy for health promotion and to treat different kinds of disease. 6 Although research has been conducted on the effect of aerobic exercise from many angles, until now there have been few studies on the changes in nonexercising muscle metabolism during aerobic exercise. The purpose of the present study, therefore, was to noninvasively measure oxygen consumption of nonexercising skeletal muscle (V O 2nonex ) by NIR cws at rest and after aerobic exercise and to investigate the stimulant factors on oxygen consumption.
Methods
We tested the left finger flexor muscles of seven healthy males ͑age, 28.6Ϯ0.8; peak pulmonary O 2 uptake, 44.8 Ϯ1.5 ml/kg/min͒. We chose the upper extremities as our measurement site because they could be kept at a resting state during a cycling exercise. We measured the resting muscle metabolic rate in experiment 1 and the changes in O 2 consumption of nonexercising muscle in experiment 2.
In experiment 1, we measured the resting metabolic rate of the finger flexor muscles using 31 P-magnetic resonance spectroscopy ( 31 P-MRS; Otsuka Electronics Inc., 2.0 T superconducting 26 cm bore magnet, 3-cm-diam circular two-turn surface coil͒. 5 The metabolic rate was calculated from the phosphocreatine ͑PCr͒ breakdown rate after complete oxygen depletion during a 15 min arterial occlusion. 5, 7 Because the P-to-O 2 ratio in vivo skeletal muscle is 6, the resting muscle O 2 consumption was calculated by dividing the resting PCr breakdown rate in millimolar adenosine triphosphate per second ͑mM ATP/s͒ by 6, resulting in M O 2 /s. In this study, arterial occlusion was used to interrupt arterial blood flow by placing a pneumatic tourniquet on the upper arm at a pressure of 300 mmHg. In experiment 2, the subjects performed a 20 min cycling exercise at a workload corresponding to 50% of peak pulmonary O 2 uptake in the laboratory, which was maintained at 22-24°C. The left upper extremities were kept at a resting state in the upright position on a hand rest while the subjects exercised. Electromyographic records confirmed the lack of significant contractile activity in the finger flexor muscles. The changes in the oxygenation level of the finger flexor muscles were monitored continuously at rest, including 6-8 min of arterial occlusion, during exercise, and for 20 min following exercise using NIR cws ͑HEO-100, OMRON Inc.; a 3 cm separation between light source and detector͒ 5, 8 ͑Figure 1͒. The parameters measured by NIR cws were oxy-hemoglobin (HbO 2 ) and total hemoglobin. We defined changes in HbO 2 as the muscle oxygenation level. Muscle oxygenation level represents a dynamic balance between O 2 supply and O 2 consumption. Therefore, the initial rate of decline of the muscle oxygenation level during an arterial occlusion reflects the muscle O 2 consumption. 5 The values of V O 2nonex at rest, immediate postexercise, and 3, 5, 10, 15, and 20 min following exercise were determined by the rate of decline of the muscle oxygenation level during 20 s of arterial occlusion. The initial rate of decline at rest indicates the resting V O 2nonex as calibrated with the resting PCr breakdown rate obtained in experiment 1. The V O 2nonex values during the recovery periods were expressed relative to the slope of V O 2nonex at rest. Parameters measured by NIR cws are relative values and are expressed as arbitrary units. Absolute O 2 concentration or saturation determination is impossible because of unquantifiable parameters such as optical path length. Therefore, we determined the functional anoxic condition by using arterial occlusion so as to obtain a physiological calibration to reduce individual variation. The muscle oxygenation level at rest was defined as 100% and the minimum value during arterial occlusion as 0%.
We also monitored deep tissue temperature ͑T D ͒ in the same area in which we measured the V O 2nonex from the resting state to 20 min following exercise by using a deep temperature monitor ͑CORETEMP: CTM-205, Terumo, Japan͒. 9 When a deep temperature monitor is utilized to determine T D , the skin surface is covered with thermal insulation probe using the electronic servo-control system ͑zero-heat-flow method͒ protecting the skin surface from the effects of the outside air temperature. Thus, the surface temperature under such conditions is considered to be equal to the deep tissue temperature. Therefore, a simple surface temperature measurement can be taken to determine the deep tissue temperature. In this study, the temperature monitor probe, which is 3 cm in diameter, was placed over a region of the finger flexor muscles, near the NIR cws probe. The depth into the tissue of the measurement area was approximately equal to half of the diameter. Thus, because the depth was 1.5 cm, it can be presumed that the temperature was that of the forearm muscles.
Furthermore, at rest and immediate postexercise blood samples from the intermediate cubital vein were drawn directly for determination of epinephrine, norepinephrine, and lactate concentrations. Plasma epinephrine and norepinephrine concentrations were analyzed by the diphenylethylenediamine method ͑HLC-8030, TOSOH, Japan͒. Plasma lactate concentration was analyzed by the lactate oxidase method ͑Hitachi 7170 automatic analyzer, Hitachi, Japan͒.
Student's t-test for paired observations was used to compare the resting value with the postexercise value. Statistical significance was accepted at pϽ0.05. All values were presented as meansϮstandard error ͑SE͒.
Results
The resting PCr breakdown rate obtained in experiment 1 was 0.0068Ϯ0.0005 mM ATP/s on average among the seven subjects. The resting V O 2nonex calculated from the resting PCr breakdown rate was 1. 
Discussion
The data from the present study demonstrated that ͑1͒ the resting V O 2nonex of the finger flexor muscles was 1.1 Ϯ0.1 M O 2 /s; 2͒ the peak V O 2nonex of each subject after exercise increased 59.6Ϯ7.2% from the respective resting values; and ͑3͒ the changes in epinephrine and lactate concentrations in the blood were important V O 2nonex stimulant factors. Nonexercising muscles play various important roles during exercise of other muscle groups. [1] [2] [3] Although research has been conducted on the effect of aerobic exercise from many angles, until now there have been few studies on the changes in nonexercising muscle metabolism during aerobic exercise. In this study, we investigated the metabolic changes in the nonexercising muscle and their stimulant factors in a 20 min moderate intensity cycling exercise, which is commonly used in exercise therapy. Although the exercise protocol used in our research was different from that of previous studies by Ahlborg 10 and Richter, 2 the change in the immediate postexercise V O 2nonex ͑1.6 times resting͒ that we observed was consistent with the changes observed by Ahlborg ͑1.5 times resting͒ and Richter ͑2.2 times resting͒. Therefore, we believe that our V O 2nonex data obtained immediately postexercise is a reflection of the data during exercise. Particularly, we examined the effects of catecholamines, lactate, and T D , respectively, on the V O 2nonex as follows.
Catecholamines: We recognized a strong correlation between the changes in V O 2nonex and the changes in blood epinephrine concentration ͑Figure 2͒. It has been suggested that the systemic increase in epinephrine which occurs as a result of the sympathoadrenal response to exercise results in a concomitant increase in intramuscular glycogen utilization of nonexercising muscles because glycogen phosphorylase activity is enhanced by ␤-adrenergic stimulation. 11 In addition, it has also been demonstrated that glycogen loss is reduced in exercising adrenalectomized rats and in rats with ␤ blockade. 12 Thus, during exercise, the degree of glycogen depletion in nonexercising muscle depends on the availability of epinephrine. In light of these previous studies, it seems reasonable to suppose that the epinephrine causes the increase in V O 2nonex . In our study, however, exercise intensity is lower and exercise duration is shorter than those of previous studies. Furthermore, as we did not measure the direct evidence of glycogenolysis, such as glycogen depletion and lactate efflux, we could not assert whether the ␤-adrenergic stimulation by epinephrine increased the V O 2nonex . We must examine those factors by biopsy or administration of ␤ blocker in a subsequent study in order to clarify the mechanism of the increase in V O 2nonex .
Lactate: During exercise, blood lactate concentration represents a dynamic balance between production and removal. It has been clearly shown that the nonexercising muscles take up lactate and increase oxygen consumption during contraction of remote muscle groups. 2, 13 Chance et al. 4 reported that there is a proportionality between the Hb/Mb resaturation time of exercising muscle during recovery measured by NIR cws and lactate concentration. We clarified for the first time a correlation between the changes in V O 2nonex measured by NIR cws and the changes in blood lactate concentration. In this study, the V O 2nonex began to decrease after 5 min of recovery ͑Table 1͒, despite the fact that blood lactate concentration must be higher than resting values through the recovery period. 1 Regarding this point, it has been reported that a significant removal of lactate from the blood by nonexercising muscles stops approximately 5 min after the cessation of exercise. 13, 14 Our result agrees with these data that lactate oxidation is thought to be one of the important factors which is involved in the increase in V O 2nonex .
Temperature: The effects of temperature on muscle metabolism in vitro and in vivo have been well established. 15 It is generally thought that the increase in O 2 consumption is caused by an increase in T D in the surrounding muscle groups. However, we did not find any significant correlations between the change in V O 2nonex and the change in T D ͑Figure 2͒. One possible reason is that an increase in T D may be caused by an increase in O 2 consumption. Furthermore, in spite of T D increasing significantly after the exercise and maintaining a steady state in the recovery period, the V O 2nonex began to decrease after 5 min of recovery ͑Table 1͒. This result suggests that factors other than the increase in T D have a strong effect on the change in V O 2nonex during recovery. The validity and reliability of noninvasive deep temperature measurement methods during exercise were controversial at first. However, the effects of the change in skin blood flow due to an increase in outside temperature and exercise on T D measurement have been corrected and proved to be valid with the development of a probe using the electronic servo-control system ͑zero-heat-flow method͒. 9 In this study, we measured both T D and skin surface temperature noninvasively by using CORETEMP ͑CTM-205; Terumo, Japan͒. At rest before exercise, skin surface temperature ͑33.1°C on average͒ was lower than T D ͑34.7°C on average͒. Additionally, although T D maintained a higher level ͑35.5°C on average͒ during the 20 min recovery period after exercise, skin surface temperature soon after exercise declined gradually to the resting temperature from 34.3 to 33.2°C in approximately 15 min. This difference in T D and skin surface temperature also provides indirect evidence that the use of CORETEMP is a valid measure of T D .
Conclusions
This study produced the following important findings: ͑1͒ the resting V O 2nonex of the finger flexor muscles was 1.1 Ϯ0.1 M O 2 /s; ͑2͒ the peak V O 2nonex of each subject after exercise increased 59.6Ϯ7.2% from the respective resting values; and ͑3͒ the changes in epinephrine and lactate concentrations in the blood were important V O 2nonex stimulant factors.
In this study, we were able to quantitatively evaluate V O 2nonex by using 31 P-MRS and NIR cws , and to clarify one of the factors involved in the metabolic control of nonexercising human skeletal muscle after aerobic exercise. Finally, NIR cws , unlike most previous techniques used to determine muscle O 2 consumption, is noninvasive, without deleterious effects, can be used to measure repeatedly and relatively rapidly, and thus was found to be suitable for in vivo human studies.
